A lot of contaminated wastes have been produced by decontamination works at contaminated areas around Fukushima prefecture, Japan, and piled up at temporary storage sites. At some temporary sites, it was found that leaching water was accumulated under stacks of contaminated "plant" wastes and contained radioactive cesium. To handle the wastes and the solution properly, decontamination tests of the leaching water were examined with molybdophosphate type cesium adsorbents synthesized by radiation-induced graft polymerization method. At batch adsorption tests, 75% of radioactive cesium was successfully removed with radiation graft cesium adsorbents. At column adsorption tests, radioactivity concentration of the leaching water could be reduced under 75 Bq/L as an indication of the provisional limit value up to around 500 times volume as large as an adsorbent volume. Moreover, brownish-red color of leaching water was succeeded to be decolored by amine type radiation graft adsorbents for water discharge. For development of volume reduction method of contaminated plant wastes, radioactive cesium extraction tests from the wastes and removal tests from the extracts were executed using contaminated oil cakes of sunflower seeds as a model of contaminated plant wastes. As a result, 65% of radioactive cesium was successfully extracted from the oil cakes to liquid phase, and more than 65% of radioactive cesium could be collected from the extract by radiation graft cesium adsorbents. These results showed a possibility of an application of these processes to volume reduction method for contaminated plant wastes.
Introduction
A large amount of radioactive species were spread over surrounding circumstances around Fukushima Prefecture, Japan by the accidents of Fukushima Daiichi Nuclear Power Plants in 2011 1) . The effect of long-life radioisotopes such as 134 Cs, 137 contaminated areas has been executed promptly. With the progress of decontamination works, a lot of radioactivelyCs derived from the accidents on human body has been suspected, and therefore decontamination works at *Corresponding author E-mail: saiki.seiichi@jaea.go.jp contaminated wastes have been produced continuously and piled up at contaminated "plant" wastes such as branches, leaves and grasses at temporary storage sites (Fig. 1, Fig. 2 ). At some temporary storage sites, it was found that leaching water was accumulated under stacks of flexible container bags and these contained radioactive cesium. In near future, these wastes are planned to be transferred to interim storage facility according to decontamination roadmap of Ministry of the Environment, Government of Japan. At the time of the transfer, (xxx) the leaching water will cause some problems about their treatments, and some countermeasures for handling the contaminated leaching water should be proposed.
On the other hands, cesium adsorbents have been studied for many years [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and recently developed for decontamination after the accidents of Fukushima Daiichi Nuclear Power Plants [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . We have also developed radioactive cesium adsorbents based on a nonwoven fabric in which ammonium molybdophosphate (AMP) is supported by radiation-induced grafting method 27) . AMP has adsorption selectivity for cesium ions [28] [29] [30] and therefore the adsorbent is able to capture cesium ions selectively from environmental water in spite of much amount of coexistent ions such as potassium ions, sodium ions. Moreover, a large amount of a solution can pass through the nonwoven fabric type adsorbent rapidly, and cesium ions in the solution can be removed quickly. The cesium ions absorbed by the adsorbent is able to be eluted, and this can make the amount of contaminated wastes of used adsorbents reduced unlike other cesium adsorbents such as zeolites. The adsorbents have been already applied to cesium removal for environmental water and domestic use of water 27, 31, 32) In this study, cesium removal tests of the leaching water from the contaminated plant wastes were examined with molybdophosphate type adsorbents synthesized by radiationinduced grafting method. In addition to the decontamination tests, decolorization tests of the leaching water were examined with amine type radiation graft adsorbents for water discharge.
. In another respect of the decontamination works, the total volume of contaminated wastes has been estimated to be [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] An example of structure of temporary storage site. million cube meters and must be volume-reduced before transfer to interim storage facility. If radioactive cesium could be extracted from contaminated plant wastes to liquid phase, the radioactive cesium could be collected by the grafted cesium adsorbents from the extracted solution, and these processes could be applied to volume reduction method of contaminated plant wastes. Therefore, radioactive cesium extraction from contaminated plant wastes and radioactive cesium removal with grafted cesium adsorbents were examined in this study for development of wet decontamination process.
Experimental

Materials
Glycidyl methacrylate from Tokyo Chemical Industry Co., Ltd., Dimethyl sulfoxide from Kishida Chemical Co., Ltd., Tween 80 from Kanto Chemical Co., Inc., Ammonium molybdophosphate from Nippon Inorganic Colour & Chemical Co., Ltd., and N,N-dimethylaminopropyl acrylamide from Kohjin Co., Ltd. were purchased for the synthesis of radiation graft adsorbents. Ultrapure water was purified with Milli-Q system (Merck Ltd.). Polyethylene/polypropylene nonwoven fabric was obtained from Kurashiki Textile Manufacturing Co., Ltd. as a trunk polymer of radiation graft adsorbents.
Leaching water from contaminated plant wastes was collected at temporary storage sites in Fukushima prefecture (Fig. 3) . The structure of the temporary storage site is shown as For radioactive cesium extraction and removal tests for volume reduction, ammonium nitrate from Wako Pure Chemical Industries, Ltd. was purchased. As a model of contaminated plant wastes for volume reduction tests, oil cakes of contaminated sunflower seeds harvested from sunflowers grown at contaminated soil were used (Fig. 4) . The oil cakes were given from National Agriculture and Food Research Organization, and the radioactivity concentration measured was around 70-80 Bq/kg.
Synthesis of cesium adsorbents by radiation-induced polymerization method
Cesium adsorbents were synthesized with immobilization of ammonium molybdophosphate on polyethylene/polypropylene nonwoven fabric by radiation-induced grafting method 27) . The nonwoven fabric irradiated with 2 MeV electron beam at 3 mA with the dose of 50 kGy was soaked into a monomer solution under reduced pressure, which was mixed with glycidyl methacrylate, dimethyl sulfoxide, Tween 80 and crosslinking agents. The grafting reaction proceeded at 40 o and the grafted samples taken out of the solution were rinsed and dried in vacuum oven. Cesium adsorbents synthesized as above are shown as Fig. 5 . The degree of grafting was around 500% and the yellow color was derived from ammonium molybdophosphate.
C for 2 hours,
Batch cesium removal tests of leaching water
Before cesium removal tests, filtration by 0.45 μm membrane filter (Merck Ltd.) of neat leaching water was executed to separate insoluble components.
At a batch cesium removal test, the cesium adsorbents cut into 1 cm square were put into the leaching water with the weight ratio of 1:150 (adsorbent: solution) in a plastic bottle, and the bottle was shaken for 12 hours at room temperature. Then, the solution was transferred to 100 mL plastic container and the radioactivity concentration was measured by germanium semiconductor detector.
To lower the radioactivity concentration of the leaching water as much as possible, cesium removal tests were examined repeatedly. As well as above batch tests, the cesium adsorbents were put into the leaching water at the weight ratio of 1:100 (adsorbent: solution) and the radioactivity Radiation graft cesium adsorbent.
Column cesium removal tests of leaching water
For packing the adsorbent into a 7 mm diameter column, the adsorbents were cut into circle pieces with a diameter of 7 mm. The packing volume was 0.192 mL and the size was 7 mm diameter and 5 mm height.
The leaching water was flown through the 7 mm diameter column at a flow rate of 200 h -1 in terms of space velocity (SV)
which means a flow rate per an adsorbent volume. (1)
Decolorization test of leaching water by amine type adsorbent
To get rid of brownish-red color of the leaching water, amine type adsorbents were synthesized by radiation-induced grafting method. Trunk polymers irradiated with the dose of 100 kGy put into 10% N,N-dimethylaminopropyl acrylamide solution under reduced pressure, and the grafting reaction proceeded for 2 hours. The grafted samples were rinsed and dried in vacuum oven. The amine type adsorbents were soaked into the leaching water over nights and the color change was checked.
Volume reduction experiments of contaminated oil cakes of sunflower seeds
For radioactive cesium extraction from contaminated oil cakes of sunflower seeds, the oil cakes were soaked into ultrapure water and 100 mM ammonium nitrate aqueous solution with the weight ratio of 1:10 (oil cake: solution), and the whole solution in a plastic bottle was shaken over night at room temperature. The shaken solution was filtrated by 0.45 m membrane filter after rough filtration and centrifugal separation to separate insoluble components and liquid phase containing cesium ion. Comparing the radioactivity of the extract with that of the oil cakes put in the bottle before extraction, the extraction rate was calculated. Main dissolved elements in the extract were measured by ICP-AES.
Then, as well as previous batch cesium removal tests, the cesium adsorbents were put into the extracted solution at the weight ratio of 1:100 (adsorbent: solution) in a plastic bottle and the bottle was shaken for 12 hours at room temperature. From the radioactivity concentration of the solution, removal rate of radioactive cesium from the extract was calculated.
Results and discussion
Batch cesium removal tests of leaching water
Cesium radioactivity concentration of neat leaching water used in this experiment was 359 Bq/L (Fig. 6 (a) ). Even after filtration by 0.45 m membrane filter, the radioactivity concentration was 343 Bq/L (Fig. 6 (b) ). This meant that cesium existed in the solution at dissolved state and might be able to be captured by radiation graft cesium adsorbents.
The results of batch cesium removal tests are shown as Fig. 6  (c) . The radioactivity concentration after cesium removal showed 91 Bq/L and 75% of cesium was removed successfully. Then, the results of repeat cesium removal tests are shown as Fig. 7 . After 3 rd times repeats of removal processes, 95% of cesium could be removed as units of radioactivity concentration. These results showed that the radioactive cesium in the leaching water from the contaminated plant wastes could be removed in spite of coexistent ions such as K and Na, and that the cesium adsorbents were effective for the decontamination of the leaching water.
Column cesium removal tests of leaching water
As a result of column cesium removal tests, the breakthrough curve is shown in Fig. 8 . The radioactivity concentration could be reduced under 75 Bq/L up to around BV 500. In other words, the cesium adsorbents could decontaminate the leaching water below the provisional limit value up to 500 times volume as large as the adsorbent volume. This means that, for instance, 1 m 3 of the leaching water might be able to be decontaminated by 2 L of the cesium adsorbents under the provisional limit value.
Decolorization tests of leaching water
The results of decolorization tests were shown as Fig. 9 and Fig. 10 . Obviously the brownish-red color of the leaching water was diminished. In response, the color of the amine type adsorbents changed to brownish-red. However, the radioactive concentration did not decrease even after the decolorization. This may mean that a component which caused the brownish-red color doesn't have an interaction with radioactive cesium. 
Radioactive cesium extraction and removal tests from contaminated oil cakes of sunflower seeds
The cesium extraction tests were executed twice using ammonium nitrate solution and once using water. Those results are shown as Table 1. In the case of water, 46% of cesium could be extracted, and by ammonium nitrate solution 65% of cesium was successfully extracted at a maximum. The extraction rate of ammonium nitrate solution was a little higher than that of water. As a result of ICP-AES measurement of co-existent ions in the extract, main dissolved elements were as follows; Extract with water (Na: 6 ppm, Mg: 102 ppm, K: 1011 ppm, Ca: 50 ppm); Extract with NH 4 NO 3
The cesium removal tests with the cesium adsorbents from the extract by water and ammonium nitrate were done as shown in Table 2 . Radioactivity of the solution after cesium removal by water reached under the detection limit in spite of coexistent ions such as Na and K., and the calculated removal rate was over 65% at least. In the case of ammonium nitrate solution, the removal rate was 50%, which value was comparatively low. The reason might be that an ammonium ion could be exchangeable with a cesium ion captured by molybdophosphate and cesium tended to be dissociated from molybdophosphate in the presence of a lot of ammonium ions.
aq. (Na: 5 ppm, Mg: 156 ppm, K: 1072 ppm, Ca: 76 ppm). These result showed that the effect of the ammonium ion for the cesium extraction was not significant.
As a result, 65% of radioactive cesium at a maximum could be extracted from contaminated oil cakes of sunflower seeds, and more than 65% of radioactive cesium at a minimum could be collected by radiation graft cesium adsorbents from the extracted solution. From the viewpoint of a volume reduction, the volume increased 10 times at the extraction process adding a solution, and then decreased one-hundredth at the removal process with cesium adsorbents. Totally, the volume reduced to one-tenth except for extracted residue of oil cakes and residual solution after cesium removal. If the remaining radioactive cesium in the residue was collected by adjusting the adsorbent input and by the repeat removal process etc., these extraction and removal method might be more effective for one-tenth volume reduction of contaminated plant wastes. Under present circumstances, a rule and a restriction about disposal and reuse of those residues have not been decided enough. This volume reduction method may be able to respond to various regulation levels of residue flexibly. Table 2 Radioactive cesium reoval tests with the cesium adsorbents from the extract of contaminated oil cakes of sunflower seeds. 
